Glycoproteins with asparagine-linked (N-linked) glycans occur in all eukaryotic cells. The function of their glycan moieties is one of the central problems in contemporary cell biology. N-glycosylation may modify physicochemical and biological protein properties such as conformation, degradation, intracellular sorting or secretion. We have isolated and characterized two allelic Arabidopsis mutants, gcs1-1 and gcs1-2, which produce abnormal shrunken seeds, blocked at the heart stage of development. The mutant seeds accumulate a low level of storage proteins, have no typical protein bodies, display abnormal cell enlargement and show occasional cell wall disruptions. The mutated gene has been cloned by T-DNA tagging. It codes for a protein homologous to animal and yeast a-glucosidase I, an enzyme that controls the ®rst committed step for N-glycan trimming. Biochemical analyses have con®rmed that trimming of the a1,2-linked glucosyl residue constitutive of the N-glycan precursor is blocked in this mutant. These results demonstrate the importance of N-glycan trimming for the accumulation of seed storage proteins, the formation of protein bodies, cell differentiation and embryo development.
Introduction
In all eukaryotes, the N-glycosylation process begins in the endoplasmic reticulum (ER) by the co-translational transfer of a precursor oligosaccharide (Glc 3 Man 9 GlcNAc 2 ) to speci®c asparagine residues of nascent polypeptides. The glycosylation sites are tripeptides Asn-X-Ser/Thr, where X can be any amino acid except proline and rarely aspartic acid. N-glycan maturation occurs in the secretory pathway as the glycoproteins are transported from the ER to their ®nal destination (for reviews see Lerouge et al., 1998; Apweiler et al., 1999; Herscovics, 1999; Moore, 1999; Parodi, 2000) .
The ®rst committed step of the maturation of the N-linked Glc 3 Man 9 GlcNAc 2 oligosaccharide precursor is the trimming, by a-glucosidase I (EC, 3.2.1.1.106), of the terminal a1,2-linked glucosyl residue. This trimming occurs very early when the polypeptide is still translocating into the ER lumen. Subsequently, a-glucosidase II removes the two internal a1,3-linked glucosyl residues. In animal cells, this initial N-glycan trimming participates in the folding and quality control of newly synthesized glycoproteins mediated by calnexin and calreticulin (for a review see Hammond and Helenius, 1995) . These chaperones interact with monoglucosylated glycans N-linked to misfolded proteins and retain them in the ER, until proper folding or targeting to the proteasome degradation pathway. A similar mechanism probably also occurs in plants, avoiding intracellular traf®cking of misfolded or incorrectly assembled proteins (Pedrazzini et al., 1997; Herman and Larkins, 1999; Vitale and Denecke, 1999) .
In addition to the control of glycoprotein folding, numerous roles have been demonstrated for N-glycans (for reviews see Olden et al., 1985; Voelker et al., 1989; Lerouge et al., 1998; Rodriguez-Boulan and Gonzalez, 1999) . In general, N-glycosylation of the proteins in¯u-ences their physicochemical and biological properties. For instance, N-linked oligosaccharides may contain intracellular targeting or secretion information, or may be directly involved in protein recognition, cell to cell adhesion and differentiation processes.
In plants, the role of N-glycosylation and N-glycan trimming may be essential, because all seed storage proteins are initially synthesized on the ER and several of them are N-glycosylated (Herman and Larkins, 1999; Chrispeels and Herman, 2000) . So far, the importance of early steps in N-glycan trimming has been investigated essentially using cell cultures grown in the presence of glucosidase inhibitors . Thus, the available data were dif®cult to interpret with respect to the importance of N-glycan trimming for the accumulation of storage proteins and the formation of protein bodies during seed development.
In order to unravel molecular mechanisms underlying seed maturation, a visual screening for Arabidopsis thaliana mutants affected in seed development was carried out. In this paper, we report the isolation and characterization of two allelic Arabidopsis mutants, gcs1-1 and gcs1-2, which produce shrunken seeds. The mutant seeds accumulate a low level of storage proteins, have no typical storage protein bodies and display cell enlargement. The mutated gene has been cloned by T-DNA tagging and shown to be homologous to animal and yeast a-glucosidase I. Biochemical analyses have con®rmed Arabidopsis glucosidase I mutants reveal a critical role of N-glycan trimming in seed development that N-glycan trimming is blocked in the mutants. These results demonstrate the importance of the early steps, i.e. a-glucosidase I dependent, of N-glycan trimming for the accumulation of storage proteins, the formation of protein bodies and cell differentiation, during plant embryo development.
Results
The gcs1-1 mutation affects cell differentiation and embryo development The gcs1-1 mutation was identi®ed in a T-DNA insertion line, by visual screening of seeds (T2 generation) produced by the hemizygous primary transformant (T1). Heterozygous plants appeared normal except for the production of wrinkled seeds ( Figure 1A and B). These mature wrinkled seeds were unable to germinate after imbibition, although the embryos are metabolically active according to the tetrazolium test ( Figure 1C ). The morphogenesis of gcs1-1 embryos appeared to be blocked at the heart stage ( Figure 1D ). In contrast to wild-type embryos, the radicle and cotyledons did not elongate to form a torpedo shape. Instead, embryos increased in size by radial cell expansion, leading to the ®lling of the whole seed. The number of cell layers was not modi®ed in hypocotyls and cotyledons of mutant embryos compared with wild-type embryos at the heart stage of development ( Figure 1E ). Attempts to rescue embryo development by growing them Fig. 1 . Microscopy analyses of wild-type and mutant seeds. (A) Light microscopy analyses of wild-type seeds (WT), gcs1 seeds selected from a heterozygous plant (gcs1-1) and seeds produced by a plant homozygous for the gcs1 mutation, which ectopically expresses GCS1 cDNA ([WT]). Scale bars, 200 mm. (B) Electron microscopy pictures of wild-type (top) and gcs1 mutant seeds (bottom). Scale bars, 200 mm. (C) Embryo viability using the tetrazolium test. Results shown are obtained with wild-type embryo (WT), gcs1-1 embryo (gcs1-1) and wild-type embryo boiled for 30 min as a negative control. Since the negative control is completely white, it is shown on a dark background. Scale bar, 200 mm. (D) Cleared seed viewed with Nomarski optics. Comparison of the development of the wild-type (WT) and gcs1 embryos after the heart stage. The radicle and cotyledons of gcs1-1 do not elongate to form the torpedo embryo (1). However, gcs1-1 embryos enlarge and ®ll the whole mature seed (2 and 3). Scale bars, 100 mm. (E) Light microscopy analyses of semi-thin sections stained with toluidin blue. Mature wild-type (WT) and gcs1-1 seeds. Scale bars, 80 mm. (F) Transmission electron micrographs of representative cotyledon cells from the wild-type and mutant embryos. LB, lipid bodies; Nu, nucleus; PB, protein bodies; V, vacuoles. Arrows indicate incomplete cell walls occasionally observed in the mutant cells. Scale bars, 1 mm.
in vitro, in the presence of growth regulators (e.g. auxin, cytokinins or gibberellins), were unsuccessful.
The extent of cellular differentiation in arrested gcs1-1 embryos was investigated by cytological analyses. In mature wild-type embryos, protein-and oil-bodies are the most abundant organelles (Mans®eld and Briarty, 1992) . In mutant cells, lipid bodies looked normal ( Figure 1F ). On the contrary, protein bodies were absent or disorganized in mutant seeds, where vacuoles with variable amounts of electron dense material were observed. These vacuoles resembled immature protein bodies found in the cells of the young wild-type embryo. Finally, cell wall disruptions were occasionally observed in mutant cells ( Figure 1F ).
gcs1-1 is a T-DNA-tagged allele Segregation analyses of kanamycin resistance (conferred by the T-DNA) and the abnormal wrinkled seed phenotype were carried out to check for the possible tagging of the mutation by a T-DNA insertion. All 110 kanamycinresistant plants tested, from the T2 generation, segregated for both mutant seed and kanamycin-resistant phenotypes. The strict co-segregation of the phenotypes demonstrated that there was only one T-DNA insertion locus in gcs1-1, which is genetically linked to the mutation. Furthermore, the absence of homozygous plants con®rmed that the mutation is lethal at the homozygous state. Southern blot analysis using T-DNA probes showed that only one T-DNA copy was present at the insertion locus (data not shown).
It was observed that <20% of the seeds (for n = 2246) presented the wrinkled phenotype, instead of 25% as expected for a normal recessive Mendelian trait. Furthermore, the ratio of seedlings resistant to kanamycin (57.4% resistant, for n = 5269 seedlings) was lower than the ratio expected for a dominant marker linked to a lethal mutation (two resistant for one sensitive seedling, 66.6%). These results suggest that the mutated allele is transmitted to the progeny at a lower frequency than the wild-type allele. Preliminary results of reciprocal crosses between wild-type and heterozygous lines indicate that the de®-ciency is present on both male and female sides.
Plant genomic sequences¯anking the left and right T-DNA borders were recovered by walking PCR (Devic et al., 1997) and sequenced. The two products were found to match a portion of an Arabidopsis bacterial arti®cial chromosome (BAC) clone. This BAC (TAMU, T1F15) mapped on chromosome 1, near the molecular marker mi185 (around cM 110). The T-DNA insertion resulted in a small deletion of genomic DNA (30 bp) and the addition of two small DNA fragments, 26 and 22 bp long, of unknown origin, between the gene and the right and left T-DNA borders, respectively. T-DNA was inserted in a putative 5949 bp gene, T1F15.4 (Figure 2 ). PCR analysis of the insertion locus revealed the expected polymorphism between homozygous, heterozygous and wild-type embryos (Figure 3 ). The coding sequence was RT±PCR ampli®ed from 8-day-old seedling mRNA and the correct gene structure subsequently deduced (DDBJ/EMBL/ GenBank accession No. AJ278990; Figure 2 ). The gene contains 21 introns and the coding sequence is 2559 bp long. The open reading frame differs from the hypothetical T1F15.4 protein as a result of discrepancies between the predicted and actual splice sites.
Gene expression was analysed by northern blotting and RT±PCR experiments. The mRNA was detected in all the tissues tested, at a similar level ( Figure 4A ). Furthermore, GCS1 mRNA accumulated at all stages of silique development ( Figure 4B ). These results suggested that the expression of GCS1 is constitutive.
Mutation of GCS1 is responsible for the phenotype
To provide further evidence that disruption of the GCS1 locus was responsible for the mutant phenotype, the Fig. 2 . Molecular analyses. Schematic representation of the gene structure at the GCS1 locus, in wild-type and gcs1 mutant genomes. The structure of the gene is deduced from the comparison between genomic and cDNA sequences (DDBJ/EMBL/GenBank accession No. AJ278990). In gcs1-1, the T-DNA was inserted between nucleotides 2247 and 2278, leading to a small deletion of 30 bp. Dashed boxes represent insertions of 26 and 22 bp of unknown origin in gcs1-1. In gcs1-2, the T-DNA was inserted between nucleotides 4629 and 4698, leading to a deletion of 58 bp. Black boxes are exons. The 5¢UTR was obtained by 5¢-RACE±PCR. characterization of a second allelic mutant was achieved. A T-DNA insertion line, gcs1-2, was isolated by PCR screening of the Versailles T-DNA collection (Bechtold et al., 1993) . Sequencing of the mutated gene revealed that a T-DNA was inserted in the 15th intron between nucleotides 4627 and 4688 ( Figure 2 ). Thus, the insertion gave rise to a small deletion of the genomic DNA (60 bp). As expected, gcs1-1 and gcs1-2 seeds displayed similar phenotypes and, when crossing heterozygous plants, no complementation of the phenotype was observed in F1. These results suggested that both gcs1-1 and gcs1-2 mutations were the cause of the mutant phenotype.
To con®rm this result, GCS1 cDNA was ectopically expressed in gcs1-1 background, to restore the wild-type phenotype. Plants heterozygous for the mutation were transformed with a construct providing hygromycin resistance and carrying the GCS1 coding sequence under the control of a strong constitutive promoter (see Materials and methods). Out of twenty primary transformants resistant to hygromycin and able to produce seeds, two were found to be homozygous for the gcs1-1 mutation by PCR and genetic analyses of their progeny (100% kanamycin-resistant seedlings) ( Figure 1A ). It was concluded that ectopic expression of GCS1 cDNA was able to restore wild-type phenotype in these homozygous gcs1-1 plants.
The characterization of the two allelic mutants and restoration of the wild-type phenotype by ectopic expression of the cDNA demonstrate that gcs1 mutations cause the mutant phenotype.
GCS1 encodes a plant a-glucosidase I homologue GCS1 mRNA encodes a predicted protein of 852 amino acids, showing strong similarities to previously identi®ed a-glucosidase I (e.g.~50% to human and yeast proteins; DDBJ/EMBL/GenBank accession Nos Q13724 and AAC49157, respectively). The domain`ERHLDLRCW', shown to be involved in the ®xation of the substrate in the human protein (Romaniouk and Vijay, 1997) , is present at a similar position in GCS1 ( Figure 5A ). Furthermore, sequences showing similarities to four peptides previously identi®ed from mung bean a-glucosidase I (Zeng and Elbein, 1998) were found in GCS1 ( Figure 5A ). These results strongly suggest that GCS1 codes for a plant a-glucosidase I. In agreement, other structural features are also conserved in the plant protein when compared with its human homologue. For instance, a glycosylation sitè NHT', identi®ed in the human protein (Kalz-Fu Èller et al., 1995) , is also present at a similar position in GCS1 ( Figure 5A ). GCS1 also contains an N-terminal doublearginine motif found in other type II membrane proteins of the ER (Schutze et al., 1994) . Finally, analysis of the hydrophobicity pro®le of GCS1 revealed the presence of a highly hydrophobic region between amino acids 49 and 74 ( Figure 5B ). The homologous transmembrane domain found in the human protein is suf®cient to mediate protein retention in the ER (Tang et al., 1997) .
N-glycan trimming is blocked and protein accumulation is affected in gcs1
In order to investigate the consequences of GCS1 disruption on protein N-glycosylation, biochemical analyses were performed. These biochemical analyses were carried out with mutant seeds selected under a binocular microscope. Total fatty acids, sucrose and starch contents were similar in the mutant and wild-type seeds (data not shown). Polypeptides obtained from wild-type and gcs1 mutant seeds were fractionated by SDS±PAGE. Coomassie Blue staining of the gel revealed a very weak accumulation of proteins in the mutant seeds, although the pro®le looked similar ( Figure 6A ).
Seed protein extracts were further analysed by immunoblotting using antibodies speci®c for the b1,2-xylose or the a1,3-fucose residues characteristic of plant complex N-glycans (Faye et al., 1993b) (Figure 6 ). Af®no-detection of glycoproteins containing high-mannose-type N-glycans was performed using Concanavalin A (ConA) as probe (Faye and Chrispeels, 1985) ( Figure 6D ). Wildtype seeds contained many different glycoproteins, with complex N-glycans reacting with anti-xylose and antifucose antibodies, and a few glycoproteins with highmannose N-glycans reacting with ConA. In mutant seeds, no proteins were detected with either anti-complex glycan probe, but ConA detected additional glycoproteins of different molecular weight, as compared with the corresponding pattern obtained from wild-type seeds ( Figure 6 ). These analyses indicated that, in the mutant, the processing of N-glycans was blocked at the ®rst steps of N-glycan maturation, which resulted in the accumulation of (Liboz et al., 1990 ) was included as a control. To control that no genomic DNA contaminated PCR products, oligonucleotides were designed to amplify a region overlapping an intron. The genomic control is presented for both GCS1 and EF-1a genes.
ConA-reactive high-mannose-type N-glycans instead of fucose-and/or xylose-containing complex N-glycans.
Structural analyses of the N-glycans produced in the mutant
To characterize the structure of the N-glycans reacting with ConA in the mutant, N-glycans were released by endoglycosidase H treatment of seed proteins and analysed by high pH anion exchange chromatography with pulsed amperometric detection (HPAEC±PAD) and by matrix assisted laser desorption ionization time of¯ight (MALDI±TOF) mass spectrometry. In contrast to the analyses described above, carried out with mutant seeds selected under a binocular microscope, the higher amounts of material required for the structural analyses of N-glycans were not compatible with selection of mutant seeds. Therefore, N-linked glycans were analysed by comparing extracts from seeds produced by wild-type or heterozygous plants.
With the seeds produced by heterozygous plants, the HPAEC±PAD pro®le of N-glycans shows peaks between 16 and 22 min identical to those detected in the wild-type seeds, which were assigned to high-mannose glycans, from Man 5 GlcNAc to Man 9 GlcNAc ( Figure 7A) ; however, an additional peak was observed at 29 min. The structure of the oligosaccharide(s) contained in this peak was ®rst determined by comparison of its retention time with standard glycans. This peak was found to have the same retention time as Glc 3 Man 7 GlcNAc, which has previously been isolated from glycoproteins synthesized by sycamore cells treated with castanospermine, an inhibitor of a-glucosidase I (Lerouge et al., 1996) .
The MALDI±TOF mass spectrometry analyses also showed the presence of additional structures in the N-glycans isolated from the seeds produced by heterozygous plants, when compared with wild-type seeds ( Figure 7B ). In addition to the (M+Na + ) ions at m/z = 1054, 1216, 1378, 1540 and 1702, assigned to the sodium adducts of Man 5 GlcNAc to Man 9 GlcNAc, two ions at m/z = 1864 and 2026 were detected. These molecular ions corresponded to structures constituted of one GlcNAc residue and 10 and 11 hexose units, (B) Analysis of the hydrophobicity pro®le using the method of Kyte and Doolittle (1982) . The hydropathy value of amino acids was calculated over a window of three amino acid residues and was plotted as a function of amino acid positions. respectively. To con®rm that such ions corresponded to the additional peak detected in the HPAEC±PAD pro®le, the oligosaccharides of the peak were collected and analysed by MALDI±TOF mass spectrometry. Only the ions at m/z = 1864 and 2026 were recovered, con®rming that the additional peak at 29 min contained the two additional oligosaccharide species.
The data obtained by HPAEC±PAD and MALDI±TOF mass spectrometry analyses suggest that Man 5 GlcNAc to Man 9 GlcNAc oligosaccharides arose from wild-type seeds. The additional peak, assigned to the mutant seeds, contained two structures: Glc 3 Man 7 GlcNAc and Glc 3 Man 8 GlcNAc (Figure 8 ). The former structure was previously found to be the major glycan N-linked to glycoproteins isolated from plant cells treated with castanospermine (Lerouge et al., 1996) . The Glc 3 Man 8 GlcNAc structure probably results from a partial trimming from the oligosaccharide precursor of terminal a1,2-linked mannose residues by the Golgi a-mannosidase I.
Discussion
GCS1 is necessary for complex N-glycan formation during embryo development Different a-glucosidase I isoforms have been characterized after puri®cation, from animals, plants and fungi (for review see Zeng and Elbein, 1998) . They display similar enzymatic properties. The sequence similarities of GCS1 to four peptides from mung bean a-glucosidase I (Zeng and Elbein, 1998) or to the whole proteins from human (Kalz-Fu Èller et al., 1995) , mouse (Khan et al., 1999) and yeast (Romero et al., 1997) show a structural conservation of the proteins. Furthermore, biochemical analyses of N-glycans, in gcs1 mutant seeds, demonstrate that a-glucosidase I activity is affected, resulting in the accumulation of Glc 3 Man 7±8 GlcNAc 2 oligosaccharides in the mutant embryos (Figure 8 ). Together, these results strongly support the hypothesis that GCS1 codes for an a-glucosidase I. The enzyme appears to be highly Fig. 7 . Structural analyses of the N-glycans. Analyses of the structure of the N-glycans released by endoglycosidase H from wild-type (WT) and a mixture of wild-type, heterozygous and mutant seeds (WT + gcs1), by HPAEC±PAD (A) and MALDI±TOF mass spectrometry (B). Fig. 8 . Schematic representation of N-glycan trimming in WS and gcs1 seeds. As in other eukaryotes, processing of plant N-linked glycans occurs along the secretory pathway, as a glycoprotein moves from the ER and through the Golgi apparatus to its ®nal destination. Glucosidase I removes the most external glucose of the precursor N-glycan. The glucosidase I inactivation in gcs1 mutants results in the accumulation of Glc 3 Man 7±8 GlcNAc 2 glycan. ER, endoplasmic reticulum; Fuc, fucose; Gal, galactose; Glc, glucose; GA, Golgi apparatus; Man, mannose; GlcNAc, N-acetylglucosamine; P, protein; Xyl, xylose.
Arabidopsis a-glucosidase I mutant conserved throughout eukaryotic evolution, in animals, fungi and plants. This conservation is not so surprising, because glycoproteins with N-linked glycans occur in all eukaryotic cells, and the N-glycan oligosaccharide precursor with three terminal glucose residues is common to all eukaryotes (Drickamer and Taylor, 1998) . Constitutive expression of animal (Khan et al., 1999) and plant (this study) genes suggests a housekeeping function for this enzyme.
In mammals, inhibition of a-glucosidase by inhibitors or in mutant cell lines never completely prevents the removal of the terminal glucosyl residue and the formation of complex oligosaccharides. This glucosidase-independent trimming is due to the presence of an alternative pathway involving an endomannosidase, which can cleave the Glc 3 Man fragment directly from the newly synthesized glycosylated peptide (Fujimoto and Kornfeld, 1991) . Our results clearly demonstrate that complex glycans containing a1,3-fucose and b1,2-xylose are not present in the Arabidopsis gcs1 mutant seeds. This observation suggests that such an alternative pathway to glucosidase I does not occur in plants, at least during embryogenesis.
a-glucosidase I is necessary to complete seed development In mutant seeds, the morphogenesis of the embryo is blocked at the heart stage, just before the torpedo stage characterized, in wild-type embryo, by cell expansion. At this stage, the apical±basal and radial patterns are already established (see Mayer et al., 1991; Ju Èrgens, 1994) . Thus, gcs1 cannot be considered as a pattern formation mutant.
In gcs1 embryos, cell differentiation is affected. A low amount of storage proteins accumulates and protein bodies are abnormal or absent. Cells are enlarged, and incomplete cell wall formations are occasionally observed. These results demonstrate that early steps in N-glycan trimming are important for these various aspects of plant cell differentiation. In yeast, as in mammal, glucosidase and glycosyltransferase activities do not seem to be essential for cell growth (Parodi, 2000) . However, knocking out one of these enzymes may be lethal in the early steps of mammalian embryo development (Ioffe and Stanley, 1994) . Similarly, our previous studies using castanospermine and the results presented here clearly demonstrate that although a-glucosidase I is not essential for cell suspension growth, it is necessary for whole plant development. Thus, more generally, it is likely that the ®rst step of N-glycan trimming (i.e. a-glucosidase I) is critical for the development of a multicellular organism.
In contrast, an Arabidopsis mutant affected in a later trimming step (i.e. GlcNAc transferase I activity), which accumulates Man 5 GlcNAc N-glycans, does not display any obvious phenotype under normal growth conditions (Von Schaewen et al., 1993) . Therefore, one may hypothesize that the gcs1 phenotype could be due to a general dysfunction of the ER, due to the accumulation of abnormal N-glycoproteins, rather than to the alteration of the activity of speci®c proteins.
Possible causes of the cellular defects
Many proteins transported through the secretory pathway are N-glycosylated during their co-translational insertion in the ER. This early step in their maturation is often crucial for glycoprotein folding and oligomerization. This is clearly illustrated by the observation that many newly synthesized glycoproteins are rapidly degraded after their biosynthesis, when N-glycosylation is inhibited using tunicamycin (see Faye et al., 1993a for illustration in plants). Not only the presence of N-glycans but also the extent of their trimming in the ER affects the folding and transport of glycoproteins. For instance, it is well documented in mammalian cells that the inhibition of glucose trimming by glucosidase inhibitors (e.g. castanospermine or bromoconduritol) prevents or delays the folding and intracellular transport and accelerates the degradation of newly synthesized glycoproteins. Indeed, the early N-glycan processing reactions, which involve the removal of the three glucosyl residues by a-glucosidases I and II, are essential for protein folding and quality control. This control of protein quality involves two lectin-like chaperones, namely calnexin and calreticulin, through a process termed`the calnexin cycle' (for review see Hammond and Helenius, 1995) . Although calnexin and calreticulin have been identi®ed in plants, it is still unclear whether they are able to act as molecular chaperones, similarly to their mammalian counterparts. However, some results suggest that similar mechanisms may occur in plants. For instance, it has been shown that mutant proteins, which are unable to form quaternary structure, are retained and degraded in the ER (Herman and Larkins, 1999) . Furthermore, it has been reported that the modi®cation of the structure of a single seed storage protein may affect the secretory pathway, leading to a reduction in storage protein synthesis and formation of abnormal protein bodies (Coleman et al., 1995) . Therefore, the modi®cation of the structure of storage proteins due to the lack of N-glycan trimming, in gcs1 embryos, may explain both the low level of storage proteins accumulated and the absence of typical protein bodies.
In plants, vesicular traf®cking is essential for the expansion and elongation of cells. Indeed, it has been shown that some mutants affected in this pathway are de®cient in cytokinesis, such as knolle (Lukowitz et al., 1996) or gnom/emb30 (Mayer et al., 1991; Shevell et al., 1994) . Therefore, in gcs1 embryos, cytokinesis defects may be linked directly to the perturbation of the secretory pathway. Moreover, embryo arrest and defects in cytokinesis are also found in other plant mutants affected more speci®cally in cell wall synthesis (Nickle and Meinke, 1998 ; for a review see Fagard et al., 2000) . As an example, the phenotype of cyt1 is similar to that of gcs1, but the mutations are not allelic [cyt1 maps on chromosome 2 (Nickle and Meinke, 1998) and gcs1 on chromosome 1]. It has been suggested that the cyt1 phenotype could be due to abnormal cellulose biosynthesis. The observation that a yeast gene homologous to GCS1 may be involved in cell wall synthesis (Simons et al., 1998) argues in favour of this hypothesis. Furthermore, during the writing of this study, we became aware that knopf mutants (Mayer et al., 1991) are also affected in GCS1 (S.Gillmore, K.Sujino, M.Palcic and C.Somerville, in preparation). These authors have shown that cellulose content is reduced in the mutant compared with wild-type embryos, demonstrating that trimming of the core N-glycans is required for cellulose biosynthesis, and giving an explanation for cell wall defects observed.
In conclusion, the genetic and biochemical characterizations of a-glucosidase I mutants reveal that N-glycan trimming is critical for the development of Arabidopsis embryos. Furthermore, cytological and biochemical analyses demonstrated that N-glycan trimming is essential for embryonic cell differentiation with respect to the accumulation of seed storage proteins, formation of protein bodies, cytokinesis and cellulose biosynthesis. These results pave the way for unravelling the underlying molecular mechanisms responsible for the different cellular defects leading to the arrest of gcs1 embryo development.
Interest of gcs1 mutants
Transgenic plants are promising systems for the production of recombinant proteins for pharmaceutical purposes (for a review on this topic see Lerouge et al., 1998) . However, some N-glycan modi®cations, speci®c to plants, limit their interest for the production of mammalian glycoproteins. Different strategies may be envisaged to prevent the formation of undesirable complex-type N-glycans on recombinant proteins . The identi®cation of gcs1 or other plant mutants defective for N-glycan trimming is a ®rst step in the development of plants able to produce recombinant proteins with more mammalian-like N-glycans.
Materials and methods

Plant materials, growth conditions and seed viability
The wild type and mutants used were of the Wassilewskija (Ws) ecotype. The mutants are from a T-DNA insertion collection made in Versailles (Bechtold et al., 1993; Bouchez et al., 1993) . Viability tests were based on the reduction of tetrazolium salts to highly coloured end products called formazans in viable seeds (Wharton, 1995) . Teguments of imbibed mutant and wild-type seeds were torn and embryos were soaked in a 1% 2,3,5-triphenyl tetrazolium chloride solution (Sigma, CA). Samples were incubated for 2 days in the dark at 30°C. The development of immature embryos was investigated as described by Baus et al. (1986) .
Light and electron microscopy analyses For light microscopy, samples were ®xed with 4% paraformaldehyde and 5% dimethyl sulfoxide in 0.1 M phosphate buffer pH 7, dehydrated in acetone and included in resin (Technovit 7100 kit, Heraus Kulzer, Germany), following the manufacturer's instructions. Semi-thin sections (4±8 mm) were performed with a Jung RM 2055 microtome (Leica), stained with toluidin blue (1% w/v in 0.1 M phosphate buffer pH 7.2; Sigma, CA).
For analyses using Nomarski optics, seeds were removed from siliques and cleared for 1±24 h in a chloralhydrate solution (chloralhydrate-H 2 Oglycerol, 8:2:1, w:v:v) on a microscope slide. Samples were examined using a Microphot-FXA (Nikon, Japan) microscope with or without Nomarski optics. Photographs were taken using Kodak Elite 160T ®lm.
Whole seeds were mounted on scanning electron microscopy stubs by using double-sided tape, sputter coated with carbon and gold with an Edwards 306 sputter-coater, and examined with a Philips 525 scanning electron microscope at 12 kV.
For transmission electron microscopy, embryos were ®xed with 2.5% glutaraldehyde in 0.05 M phosphate buffer pH 7.2, for 2 h at 20°C. The embryos were post-®xed with 1% osmium tetroxide in the same buffer, for 2 h at 20°C. After dehydration, in a graded ethanol series, fragments were embedded in Epon's resin. Ultrathin sections (100 nm thick) were stained with 5% aqueous uranyl acetate for 30 min then with 0.5% aqueous lead citrate for 5 min. Micrographs were taken with a Philips 420 transmission microscope at 80 kV.
Gene expression analyses
For northern analyses, total RNA was extracted from 0.5 g of plant tissue by grinding in liquid nitrogen and phenol-extracted as described by Audran et al. (1998) . Eight micrograms of RNA were fractionated on a 1.2% (w/v) agarose gel containing formaldehyde in MOPS buffer and then transferred onto GeneScreen (DuPont) membranes following the manufacturer's instructions. Blots were hybridized with a 32 P-radiolabelled probe made with a 300 bp PCR fragment of the 5¢ region of the cDNA, and washes were carried out under high stringency.
RT±PCR experiments were performed as previously described (Dubreucq et al., 2000) . Brie¯y, total RNA was extracted from different tissues using an RNA extraction kit (RNAeasy Plant Minikit Qiagen, Germany) supplemented with RNase-free Dnase (Qiagen, Germany) during the extraction. cDNAs were synthesized using the enhanced Avian RT±PCR Kit (Sigma, CA), with 2.5 U of PfuTurbo DNA Polymerase (Stratagene, USA). GCS1 cDNA was ampli®ed using the primers ATG (5¢-ATGACCGGAGCTAGCCGTCG) and F0 (5¢-AAGTTTCGTTCC-CGAAGAGG) located at the start codon and 3¢-end of the cDNA, respectively (Genset, France). For gene expression analysis, a fragment of the GCS1 cDNA was ampli®ed with the primers G5 (5¢-GGATGG-AAAAGTTTGTGCA) and F0. Controls were carried out with primers that amplify a constitutively expressed elongation factor`EF-1a' cDNA (Liboz et al., 1990 ) (5¢-ATGCCCCAGGACATCGTGATTTCAT and 5¢-TTGGCGGCACCCTTAGCTGGATCA).
Isolation of gcs1-2
The Versailles T-DNA insertion mutants collection (Laboratoire de Ge Âne Âtique et Ame Âlioration des Plantes, INRA Versailles, France) containing~40 000 individual lines, was screened by PCR, using primers corresponding to the right and left borders of the T-DNA and to the GCS1 gene. One positive line was detected and the position of the T-DNA within the GCS1 gene was determined by sequencing the PCR-ampli®ed fragments.
Complementation of the gcs1 mutation The GCS1 coding sequence placed under the control of the CaMV 35S promoter and terminator from the pLBR19 vector (Guerineau et al., 1992) was subcloned into the pBIB-HYG vector (Becker, 1990) . Binary vectors were introduced into Agrobacterium tumefaciens strain C58C1 pMP90 (Koncz et al., 1984) by electroporation. T3 plants resistant to kanamycin were transformed by the in planta method (Bechtold et al., 1993) , using surfactant Silwet L-77 (Clough and Bent, 1998) . Transformants were selected by growing seedlings on 50 mg/ml hygromycin.
Protein methods
Arabidopsis thaliana seeds used for protein analysis were homogenized directly in a microtube containing hot denaturing buffer [20 mM Tris±HCl pH 6.8, 0.3% b-mercaptoethanol, 5% (v/v) glycerol and 1% (w/v) SDS]. The homogenate was boiled for 5 min and centrifuged for 10 min at 12 000 g. Polypeptides were separated by SDS±PAGE in 15% polyacrylamide gels under reducing conditions according to Laemmli (1970) . Analytical gels were stained either in 0.25% (w/v) Coomassie Blue R-250 in 50% methanol, 5% acetic acid and destained in 25% methanol, 9% acetic acid, or with silver staining according to Blum et al. (1987) . For immunodetection, polypeptides were electrophoretically transferred from the gel onto a nitrocellulose membrane. Glycoproteins were immunodetected using rabbit anti-xylose or anti-fucose serums (Faye et al., 1993b) . Af®nodetection of glycoproteins on the blot, using the ConA/peroxidase method, was carried out as previously described by Faye and Chrispeels (1985) .
Preparation and analyses of N-glycans from A.thaliana seeds A crude protein extract was obtained from A.thaliana seeds by homogenizing 100 mg of seeds in 10 ml of 50 mM HEPES pH 7.5, 2 mM sodium bisulfate and 0.1% SDS. Insoluble material was eliminated by centrifugation (4400 g, 15 min) at 4°C. Proteins were precipitated by the addition of 4 vols of ethanol at ±20°C. After centrifugation (8000 g, 15 min), the protein pellet was then solubilized by heating for 3 min in 2 ml of 50 mM Tris±HCl pH 7.5 containing 0.1% SDS. After cooling, the pH of the protein solution was acidi®ed to pH 5 by the addition of 1 M sodium acetate. Endoglycosidase H (0.1 U) was then added and the solution was incubated for 18 h at 37°C. Released N-glycans were puri®ed as previously described (Bardor et al., 1999) . HPAEC±PAD was performed on a Dionex DX500 system equipped with a GP50 gradient pump, an ED40 detector and a CarboPac PA1 column (4.6 Q 250 mm). Elution of N-glycans was carried out using a linear gradient from 0 to 200 mM NaOAc in 100 mM NaOH at 1 ml/min, over 60 min. The additional peak detected in the mutant seed was collected and desalted on a carbograph ultra-Clean column (Packer et al., 1998) prior to mass spectrometry analysis. Mass spectra were recorded on a MALDI±TOF spectrometer`Tof spec E' (Micromass, Manchester, UK), as previously described (Bardor et al., 1999) .
